Copper is an essential component of the plant metalloenzymes DAO3, AO, DPO, Cyt c oxidase, and superoxide dismutase. Removal of the Cu from these enzymes inactivates them (16).
The results suggest that active holoenzymes of diamine oxidase, ascorbate oxidase, and o-diphenol oxidase can only be synthesized in leaf blades during very early stages of their development.
Copper is an essential component of the plant metalloenzymes DAO3, AO, DPO, Cyt c oxidase, and superoxide dismutase. Removal of the Cu from these enzymes inactivates them (16) .
Activities of the Cu metalloenzymes are also generally lower in leaves of Cu-deficient plants than in control plants for a variety of species including citrus (1), clover (7, 9, 17) , apple (12) , and sunflower (10) . There are conflicting reports as to the effectiveness of restoring Cu metalloenzyme activities in Cudeficient leaves by infiltrating them with solutions which contain Cu. Bar-Akiva et al. (1) reported large increases of AO activity in Cu-deficient citrus leaves 24 h after they were infiltrated with a Cu2" solution, while Walker and Loneragan (17) reported small responses of AO and Cyt c oxidase activities in Cu-deficient clover leaves 10 h after they had been infiltrated. By contrast, Loneragan et al. (9) (3) . In this case, the apoproteins will be absent in Cu-deficient leaves but their synthesis will be induced when Cu is present. This paper presents evidence that when Cu becomes available to Cu-deficient leaves with low activities of DAO, AO, and DPO, the activities of these enzymes are not restored. Enzyme Assays. Three Cu metalloenzymes-DAO, AO, and DPO-were estimated by 02 consumption in the presence of their respective substrates using a Clarke 02 electrode. The assay conditions were those described by Loneragan et al. (9) .
MATERIALS AND METHODS
Copper Analysis. Dried leaf blades were digested in a nitricperchloric mixture and analyzed for Cu with an atomic absorption spectrophotometer equipped with a heated graphite atomizer using the methods of Simmons and Loneragan (15) .
Protein Assay. A subsample of the crude homogenate used for the enzyme assays was mixed with an equal volume of 1 N NaOH, heated in a boiling water bath for 30 min, centrifuged at 3000g for 30 min, and an aliquot of the supernatant assayed for protein by the method of Bradford (2) . BSA treated in the same way was used to construct a standard curve.
RESULTS
Enzyme Activities. Copper deficiency in subterranean clover depressed DAO, AO, and DPO activities in all leaf blades (Table  II) as reported previously (9) . Addition of Cu2+ to the nutrient solution restored the activities ofthe three enzymes in very young leaf blades but had little effect on their activities in older leaf blades (Table II , Cu(e+) plants). In the blades of leaf 6, which was a YEL on day 0, activities of DAO, AO, and DPO only increased to about 14%, 26%, and 50% of their respective activities in the Cu(++) control 11 d after Cu2+ was added. Leaf blades older than YEL at the time of adding Cu2+ showed even smaller responses. Indeed, leaves 3 and 4, the oldest leaves sampled, did not increase any of their activities above Cu(--) plants even 11 d after Cu became available. Full restoration of enzyme activities only occurred in the blades of leaves 8 and 9 which had been forming two and three primordia closer to the apex than the YEL at the time of addition of Cu2+ (Fig. 2) .
Copper Concentrations. The failure of the Cu metalloenzymes to reach full activity in blades of leaf 6 and older in Cu(e+) plants 11 d after Cu2+ was added cannot be attributed to a low Cu supply. Within 4 d of adding Cu2", the blades of most of these leaves had Cu concentrations as high as, or higher than those of the same leaf categories of Cu(++) plants (Table III) and much higher than the 3 ,g/g dry matter required for maximum yield (13) . The concentrations of Cu remained high in all leaf blades of Cu(-+) plants up to day 11. Thus, the leaves were exposed to adequate Cu for a minimum of 7 d.
Protein. An effect of Cu deficiency on bulk protein synthesis was not responsible for the lack of enzyme responses in the blades of leaf 6 and older. Although Cu deficiency depressed protein concentrations of leafblades, the effect was reversed once Cu became available. Table IV shows that protein concentrations in Cu(-+) leaf blades at the final harvest were about the same as Cu(++) for all leaves, while Cu(<-) leaf blades had lower concentrations in young leaves only. Since, at the same harvest, Cu deficiency also depressed the dry weight of leaf blades of Cu(--) plants, it depressed protein contents (mg protein/leat) even more than protein concentrations. However, there were no differences between Cu(-+) and Cu(++) plants in either the dry weight or the protein content of their leaf blades at final harvest.
DISCUSSION
The failure of the Cu metalloenzymes in all but leaf primordia of Cu(-+) plants of the present experiment to respond maximally to added Cu cannot be explained by a failure of Cu to reach the leaves or by interference of Cu deficiency with overall protein synthesis. The simplest explanation is that the enzymes are only synthesized in early leaf development. Evidence to support this suggestion comes from the fact that the activities per leaf remained constant or decreased with increasing maturity of the leaf after its emergence (Table II , Cu(++) data), even though Williams and Rijven (18) have shown that total protein increases about 5-fold from leaf emergence to maturity.
However, the inability of mature Cu-deficient leaves to respond to a subsequent dose of Cu by increasing their Cu metalloenzyme activities is not true for all systems dependent on Cu. Copper deficiency decreased photosynthetic pigment concentrations and photosynthetic electron transport activity in sugar beet leaves (4) and concentrations of the Cu protein, plastocyanin, in spinach and marrow leaves (14) ; addition of Cu to the culture medium restored these processes within 4 to 6 d (4, 14) . Plant Physiol. Vol. 78, 1985 (3) c Values are means of three replicates with SE in parentheses. d CU concentrations did not exceed detection limit of 0.5 ;g/g for amount of dry matter available. The report of Bar-Akiva et al. (1) showing that Cu-deficient leaves of citrus responded to infiltration with a Cu2+ solution by restoring their AO activity to the level of control plants differs with the present results. Bar-Akiva et al. (1) did not include a metal chelator such as EDTA in the assay buffer, and Cu2+-catalyzed autooxidation of ascorbic acid may have occurred. In the presence of EDTA, Cu2+ ions are not able to oxidize ascorbic acid in solutions more acid than pH 6.8 (6) . It should be noted that citrus belongs to a different plant family from subterranean clover and this may be-the reason for the differences observed.
When EDTA was included in the incubation mixture, only small or no responses were obtained for AO in young leaves of Cudeficient subterranean clover plants (9, 17) . Whatever the reasons for these differences, the present results show that only leaf primordia increased their AO activity to control levels when Cu2+ was supplied to intact Cu-deficient plants.
Our data do not indicate whether apoproteins of the Cu metalloenzymes were synthesized in the absence of Cu or not. Other workers have shown that some organisms continue to synthesize apoprotein of metalloenzymes in the absence of the (19) . In both cases, the insertion of metal into preexisting apoprotein did not appear to be a passive reaction as the apoprotein was activated in intact tissues but not in vitro (8, 19) . However, in the present experiment, if the apoproteins of DAO, AO, and DPO were present in old leaf blades, then the leaves must have lacked the ability to activate them when Cu became available.
Further work will be required to elucidate the mechanisms of control which Cu has on the biosynthesis of DAO, AO, and DPO. Specifically, the question of whether apoproteins are synthesized in the absence of Cu needs to be answered. In addition, turnover rates of these enzymes will be required to either confirm or deny that synthesis occurs only in very young leaves.
